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A. Levis et al. (2015, 2017): multi-angle AirMSPI observations
3D tomographic cloud reconstruction
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Ø Reconstruction treated as a large 
inverse problem

• using “surrogate” forward 
model methodology

Ø 3D radiative transfer equation as 
forward model

• using SHDOM as solver
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Figure 5. The unknown extinction field is discretized to a 36× 36× 36 grid (46,656 unknowns). A volumetric comparison between the

true LES-generated cloud and the recovered cloud, based on initialization that assumed no cloud at all. It is evident from the relative error

map that the error is larger in the more opaque regions of the cloud.
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Figure 6. The unknown extinction field is discretized to a 66× 111× 43 grid (315,018 unknowns). A volumetric comparison between the

true LES-generated cloud and the recovered cloud, based on initialization that assumed no cloud at all. The cloud is extremely optically

thick here, completely dissipating the signal (down to sensor noise level) in some areas.

6. Large-Scale Field Experiment

6.1. Real Data and Its Pre-Processing

It is desirable to apply this approach to real data, cap-
tured in the huge outdoor field, from multiple remote
views [50]. In 2010 NASA initiated field campaigns with
AirMSPI [17] at 20 km altitude, aboard NASA’s ER-2 air-
craft. AirMSPI has an eight-band push-broom camera,
mounted on a gimbal for multi-angular observations over a
±67◦ along-track range. AirMSPI had undergone extensive
geometric and radiometric calibration, to enable highly ac-
curate quantitative measurements and subsequent products.
In a step-and-stare mode, the spatial resolution is 10m.

We use the 660nm channel of data from a Pacific flight2

done Feb/6/2013 at 20:27 GMT, around global coordinates
32N 123W. The flight path and three out of the nine view
angles are displayed in Fig. 9a. We examine an atmospheric
portion of 2.6 km× 3.4 km× 2.4 km in East-North-Up co-
ordinates.

Clouds move due to wind at their altitude, while
AirSMPI flies. Motion along-track is difficult to resolve
by images, since it aliases as parallax, globally affecting
altitude estimation. Motion across track was estimated by
aligning consecutive frames. This method yielded an as-
sessed cross-track motion of ≈ 37 km/h.

2https://eosweb.larc.nasa.gov/project/airmspi

3384

𝜏	~	30

Ø First demonstrated on two model clouds generated with JPL 
LES, then applied to AirMSPI observations of a real cloud

• 20 m spatial resolution
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Going from airborne to space-based observations
3D tomographic cloud reconstruction

• Adapt tomographic cloud reconstruction method from airborne (~20 m pixels) to 
satellite observations (~275 m pixels).

• Challenges:
– Unresolved spatial variability of cloud microphysics
– Optically thick cloud volumes inside MISR pixels
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From air-borne to space-borne observations
3D tomographic cloud reconstruction

• Adapt tomographic cloud reconstruction method from airborne (~20 m pixels) to 
satellite observations (~275 m pixels).

à Develop 3D RT forward model with efficient transport deep inside optically thick 
clouds. 

– Possible candidate: photon diffusion theory?
à Inform inverse problem solver about how to not waste time on spatial details deep
inside such clouds.

13th February 2019 5



j p l . n a s a . g o v

A. Levis et al. (2015, 2017): multi-angle AirMSPI observations
The “hidden zone”?
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Figure 5. The unknown extinction field is discretized to a 36× 36× 36 grid (46,656 unknowns). A volumetric comparison between the

true LES-generated cloud and the recovered cloud, based on initialization that assumed no cloud at all. It is evident from the relative error

map that the error is larger in the more opaque regions of the cloud.
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Figure 6. The unknown extinction field is discretized to a 66× 111× 43 grid (315,018 unknowns). A volumetric comparison between the

true LES-generated cloud and the recovered cloud, based on initialization that assumed no cloud at all. The cloud is extremely optically

thick here, completely dissipating the signal (down to sensor noise level) in some areas.

6. Large-Scale Field Experiment

6.1. Real Data and Its Pre-Processing

It is desirable to apply this approach to real data, cap-
tured in the huge outdoor field, from multiple remote
views [50]. In 2010 NASA initiated field campaigns with
AirMSPI [17] at 20 km altitude, aboard NASA’s ER-2 air-
craft. AirMSPI has an eight-band push-broom camera,
mounted on a gimbal for multi-angular observations over a
±67◦ along-track range. AirMSPI had undergone extensive
geometric and radiometric calibration, to enable highly ac-
curate quantitative measurements and subsequent products.
In a step-and-stare mode, the spatial resolution is 10m.

We use the 660nm channel of data from a Pacific flight2

done Feb/6/2013 at 20:27 GMT, around global coordinates
32N 123W. The flight path and three out of the nine view
angles are displayed in Fig. 9a. We examine an atmospheric
portion of 2.6 km× 3.4 km× 2.4 km in East-North-Up co-
ordinates.

Clouds move due to wind at their altitude, while
AirSMPI flies. Motion along-track is difficult to resolve
by images, since it aliases as parallax, globally affecting
altitude estimation. Motion across track was estimated by
aligning consecutive frames. This method yielded an as-
sessed cross-track motion of ≈ 37 km/h.

2https://eosweb.larc.nasa.gov/project/airmspi

3384

𝜏	~	50

The “hidden zone”: 
Photons scattered in and out of this region in the cloud do not contribute significant 
information about microphysical details to the observed radiances
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• Twomey et al. 1967: 𝝉 ≳ 𝟏𝟎, Deirmendjian 1969: 𝝉 ≳ 𝟏𝟔, van de Hulst 1980: 𝝉 ≳ 𝟏4

• Bohren et al. 1994: 

• King et al. 1989:

Is the “hidden zone” related to the “diffusion 
domain” discussed in the literature?
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When has the direct solar source 
become too diffuse to point to?

à 𝝉	 ≳ 	𝟏𝟎 from illuminated boundary
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When has the direct solar source 
become too diffuse to point to?

à 𝝉	 ≳ 	𝟏𝟎 from illuminated boundary

When can the diffuse radiation field be 
treated by photon diffusion theory?

à 𝝉	 ≳ 	𝟏𝟎 (to 15) below aircraft, hence in a 
significant portion of stratocumulus clouds 

that are only 20 (to 30) in total optical depth.  
Maybe 𝝉	 ≳ 𝟐 (to 3) from each boundary?
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Two related questions
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1. How can we define the “hidden zone” inside clouds 
and where is it?

2. To what extent do photons scattered from this “hidden 
zone” deep inside the cloud contribute to MISR multi-
angle observations?
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from an airplane window
Locating the ”hidden zone”
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2D Koch cloud
Locating the ”hidden zone”
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Koch curve Mapped to rectangular grid

decay factor = 2/3
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2D Koch cloud
Locating the ”hidden zone”
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Used Monte Carlo 
solver MYSTIC 
(without scattering) 
for photon tracing 

𝑟.// = 10	𝜇𝑚

@ 672 nm

𝜏4.56.7 = 	20, Aa: −26.2°
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2D Koch cloud, all 9 MISR cameras
Locating the ”hidden zone”
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𝜏4.56.7 = 	20, 𝜏6=7.> = 5
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2D Koch cloud, all 9 MISR cameras
Locating the ”hidden zone”
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𝜏4.56.7 = 	20, 𝜏6=7.> = 5
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2D Koch cloud
The ”hidden zone” from MISR’s perspective
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672 nm
𝑆𝑍𝐴 = 0°
𝑟.// = 10	𝜇𝑚
𝜏4.56.7 = 	20

MISR radiances 
simulated with 
MYSTIC 
(Mayer 2009, 
Buras and Mayer 2011)
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2D Koch cloud
The ”hidden zone” from MISR’s perspective
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𝜏4.56.7 = 	20
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2D Koch cloud
The ”hidden zone” from MISR’s perspective
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𝜏4.56.7 = 	20
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2D Koch cloud with high-resolution turbulence
The ”hidden zone” from MISR’s perspective
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“Turbulence” is represented by a fractal Brownian surface:
Hurst exponent H = 1/3; 1025 x 1026 grid.
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2D Koch cloud with high-resolution turbulence
The ”hidden zone” from MISR’s perspective

13th February 2019 20

Original
setup

𝜏4.56.7 = 	20
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2D Koch cloud with high-resolution turbulence
The ”hidden zone” from MISR’s perspective
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Setup
“center”

𝜏4.56.7 = 	20
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2D Koch cloud with high-resolution turbulence
The ”hidden zone” from MISR’s perspective
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Setup
“lower” 1

𝜏4.56.7 = 	20
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2D Koch cloud with high-resolution turbulence
The ”hidden zone” from MISR’s perspective
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Setup
“lower” 2

𝜏4.56.7 = 	20
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2D Koch cloud with high-resolution turbulence
The ”hidden zone” from MISR’s perspective
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Homogeneous 
center

𝜏4.56.7 = 	20
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2D Koch cloud with high-resolution turbulence
The ”hidden zone” from MISR’s perspective
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Original 
vs. 

“center”

𝜏4.56.7 = 	20
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2D Koch cloud with high-resolution turbulence
The ”hidden zone” from MISR’s perspective
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𝜏4.56.7 = 	20, 𝜏6=7.> = 5
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2D Koch cloud with high-resolution turbulence
The ”hidden zone” from MISR’s perspective
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𝜏4.56.7 = 	20, 𝜏6=7.> = 5
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2D Koch cloud with high-resolution turbulence
The ”hidden zone” from MISR’s perspective
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Original 
vs. 

“lower” 1

𝜏4.56.7 = 	20
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2D Koch cloud with high-resolution turbulence
The ”hidden zone” from MISR’s perspective
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Original 
vs. 

“lower” 2

𝜏4.56.7 = 	20
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2D Koch cloud with high-resolution turbulence
The ”hidden zone” from MISR’s perspective
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Original 
vs. 

“lower” 2

𝝉𝒄𝒆𝒏𝒕𝒆𝒓 = 𝟒𝟎
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2D Koch cloud with high-resolution turbulence
The ”hidden zone” from MISR’s perspective
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𝜏4.56.7 = 40, 𝜏6=7.> = 5
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2D Koch cloud with high-resolution turbulence
The ”hidden zone” from MISR’s perspective
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Original 
vs. 

Homogeneous 
center

𝜏4.56.7 = 	20
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Conclusions

13th February 2019 33

• The Radiative transfer simulations showed that 
photons scattered from optical distances 𝝉 ≳ 𝟓(𝟑)
inside the cloud do not significantly contribute to 
MISR’s multi-angle observations à “hidden zone”.

• Changes in the distribution of the liquid water content 
(LWC) inside the “hidden zone” resulted in variations 
of the MISR radiances of <5%, as long as mean and 
variance and correlations of the LWC were 
preserved.
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Outlook
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• Investigate efficient methods to perform radiative 
transfer inside “hidden zone” to enable practical
tomographic cloud reconstruction from MISR 
observations.

• Perform sensitivity studies of “hidden zone” for more 
realistic 3D clouds, specifically, from LES simulations.

• Develop a method to predict location of “hidden zone” 
in the 3D grid from MISR multi-angle observations.
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Thank you!

Questions?
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